Alterations in the regional CBF after occlu sion of the posterior communicating, middle cerebral, or common carotid artery were investigated in the gerbil with a quantitative autoradiographic technique using [14CJiodoantipyrine. Occlusion of the posterior communi cating artery produced severe ischemia in the ipsilateral hippocampus, thalamus, and dorsal mesencephalon. Oc clusion of the middle cerebral artery produced severe ischemia in the ipsilateral rostral and central cerebral cortex and lateral caudate-putamen. Occlusion of the common carotid artery produced ipsilateral hemispheric ischemia of variable degrees. The distribution and degree
of cerebral ischemia produced by occlusion of one of these arteries correlated closely to the arterial territory and the extent of collateral blood supply. Since the areas affected after occlusion of the posterior communicating or middle cerebral artery differ, those models will be useful for the comparative investigation of the ischemia related cerebral pathophysiology associated with dif ferent sites of primary lesion. Key Words: Common ca rotid artery-Middle cerebral artery-Mongolian gerbil -Posterior communicating artery-Regional cerebral blood flow-Regional cerebral ischemia.
hippocampus and thalamus was produced by oc cluding the posterior communicating artery, and re gional ischemia in the cerebral cortex and caudate putamen was produced by occluding the proximal middle cerebral artery in gerbils (Yoshimine and Yanagihara, 1983) . In the present investigation, we measured regional CBF by a quantitative autora diographic technique with [14C]iodoantipyrine to determine the distribution and the extent of isch emia in these two different types of experimental regional cerebral ischemia. For comparison, re gional CBF was also measured in incomplete hemi spheric ischemia after occlusion of the unilateral common carotid artery (Levine and Payan, 1966) .
MATERIALS AND METHODS
Mongolian gerbils (Meriones unglliculatus) weighing 60-70 g were used. Since removal of a large volume of blood may affect systemic and cerebral circulations in these small animals, measurement of the arterial blood pH, Pao2, and Paco2 was done in one group, and the re gional CBF was measured in another group of animals.
Animal preparations
For occlusion of the posterior communicating or middle cerebral artery, animals were anesthetized by in traperitoneal injection of ketamine hydrochloride (80 mg/kg) and atropine sulfate (0.01 mg/kg). Details of the surgical procedures have been described previously (Yo shimine and Yanagihara, 1983) . Briefly, the right poste rior communicating artery was exposed by opening the lateral wall of the tympanic bulla. A small craniectomy was made in the medial wall of the bulla over the retro gasserian portion of the trigeminal nerve. When this por tion of the nerve was segmentally resected, the junction between the internal carotid and the posterior communi cating artery was exposed. The middle cerebral artery was exposed by the method for rats (Tamura et aI., 1981 ({) with slight modifications (Yoshimine and Yanagihara, 1983) . After the posterior half of the zygomatic arch and the coronoid process of the mandible were resected, the lateral aspect of the basisphenoid bone was exposed. A small craniectomy was made between the foramen ovale and the anterior foramen lacerum. The proximal portion of the middle cerebral artery was then visualized on the surface of the lateral olfactory tract along with the small cortical branch running rostrally to the olfactory bulb. Electrocoagulation was used for arterial occlusion using bipolar forceps. For the sham-operated group. tips of the forceps were placed on both sides of the artery but the vessel was not coagulated.
For occlusion of the right common carotid artery. each animal was lightly anesthetized with ether. As detailed previously (Yanagihara, 1978) , the carotid artery was ex posed through a midline skin incision in the neck and was occluded with a Sugita no. 1 aneurysm clip. Sham opera tion was done by temporarily applying the tips of a clip to both sides of the artery without actual occlusion. An imals were allowed to recover from anesthesia and were observed for their neurologic symptoms. Sham-operated animals recovered quickly from anesthesia and began to move actively within a few minutes postoperatively. About one-third of animals with carotid occlusion. how ever, remained drowsy or showed little spontaneous movement even at 5 min postoperatively. They were re garded as "symptomatic," and were used for the subse quent CBF study after reanesthesia with ketamine hydro chloride and atropine sulfate.
Monitoring of physiologic profile
For the first group of animals, the femoral artery was cannulated, and the systemic blood pressure was mea sured through a P50 pressure transducer (Gould Statham, Puerto Rico) and recorded with a MC6601 multicorder (Graphtec, Osaka). At 30 min after occlusion of one of these arteries, 275 f.d of arterial blood was sampled for measurement of pH, Pao2, and Paco2 by an ABL-2 blood gas analyzer (Radiometer, Copenhagen). Nonoperated animals in the control group were anesthetized in the same manner and the physiologic parameters were mea sured 30 min later.
Regional CBF Measurement
For the second group of animals, one cannula was in serted into the femoral artery and other one into the fem oral vein after occlusion or sham occlusion of one of the three arteries. Details of the quantitative autoradiogra phic method for measurement of regional blood flow were described previously (Yamada et aI., 1984) . Briefly, 0.5 ml of physiologic saline containing 100 fLCi/kg of 4iodo-N-methyl-[l4Cliodoantipyrine (specific activity 40-60 mCi/mmo\; New England Nuclear, Boston, MA, U.S.A.) was injected intravenously at a constant rate in 30 s. Arterial blood was sampled every 5 s. At the end of the tracer injection, animals were killed by decapitation and the brain was quickly frozen with Freon. Serial cor onal cryostat sections, 60 fLm in thickness, dried on a hot plate, were attached to a SB-5 Kodak x-ray film together with [14Cjmethylmethacrylate standard plates. After ex posure for 1 week, x-ray film was developed, and the op tical density of various regions of the brain (Loskota et aI., 1974) was measured with a Sakura PDA-15 densitom eter (Konishiroku, To kyo). Optical density in the frontal cortex was measured at the level displaying the rostral end of the caudate-putamen. Optical density in the sen sorimotor, parietal, auditory, and visual cortices was measured at the level of the maximal width of the cau date-putamen, at the level of the caudal end of the cau date -putamen, at the level of the medial geniculate body, and at the level of the inferior colliculus, respectively. Optical density of the hippocampus was measured at the middle of the dorsal hippocampus. The optical density of the dorsolateral thalamus was measured at the level with dorsal hippocampus in a region including n. lateralis tha lami, n. ventralis thalami, and n. ventralis thalami, pars dorsomedialis. The optical density of the ventromedial thalamus was obtained at a small area including n. ven trales mediales thalami. pars magnocellularis and pars parvocellularis. Ten microliters of arterial blood was mixed with I ml of distilled water and 4 ml of ACS II scintillant (Amersham. IL, U.S.A.). The radioactivity was determined with a Mark III liquid scintillation counter (Tracor Analytic, IL, U.S.A.). The regional CBF was calculated following Sakurada et al. (1978) with a computer system developed for quantitative analysis of autoradiograms (Kato et a\., , 1985 .
RESULTS
The physiologic profile disclosed no significant difference in the mean arterial blood pressure. the arterial pH. Pa02' or Paco2 between the control group and each ischemia group (Table I) . Regional CBF demonstrated different patterns in distribution and degree of ischemia after occlusion of each ar tery ( Figs. 1-3 ).
Occlusion of the posterior communicating artery
Sham occlusion of the posterior communicating artery did not cause a significant change in the re gional CBF, although a slight decrease (p < 0. 05) was noted in the piriform cortex and hypothalamus (Table 2) . After occlusion of the posterior commu nicating artery, severe ischemia (p < 0. 001) was produced in the ipsilateral hippocampus, dorso lateral thalamus, and superior and inferior colliculi ( Fig. I; Ta ble 3 ). The residual blood flow in these areas was �0. 05 mIlg/min. A large area of the thal amus, including n. lateralis thalami, n. ventralis thalami, n. reticularis thalami, n. ventralis thalami, pars dorsomedialis, and n. lateralis thalami, pars posterior, was affected. The blood flow decreased Values are means ± SO based on four animals in each group. No significant difference was demon strated between the value for each ischemic group and the control group by Student's t test.
a Animals were anesthetized but no artery was occluded.
moderately in the ipsilateral visual cortex (p < 0. 05) and slightly in the piriform cortex (p < 0. 05) and in the hypothalamus (p < 0. 05).
Occlusion of the middle cerebral artery
After sham occlusion of the middle cerebral ar tery, the blood flow in the piriform cortex and the operated side decreased severely (p < 0. 005). The regional CBF decreased mildly in the ipsilateral frontal (p < 0.05), sensorimotor (p < 0. 05), parietal (p < 0. 05), and visual (p < 0.01) cortices and hip pocampus (p < 0. 05) ( Table 4 ). Occlusion of the middle cerebral artery produced severe ischemia in the frontal, sensorimotor, parietal, and auditory cortices (p < 0. 001) and in the lateral caudate-pu tamen (p < 0. 005) ( Fig. 2 ; Ta ble 5). Among them, the sensorimotor and parietal cortices were most severely affected, The residual blood flow in these areas was 0. 05 and 0.06 ml/g/min, respectively. De crease of the regional blood flow in the visual cortex was only moderate (p < 0.01). As in the sham-operated group, the ipsilateral piriform cortex was also affected severely in this group (p < 0. 005). The blood flow decreased moderately in the medial caudate-putamen (p < 0. 05) and mildly in the dorsolateral and ventromedial thalamus (p < 0. 05) and in the substantia nigra (p < 0. 05).
Occlusion of the common carotid artery
Sham occlusion of the common carotid artery did not produce any significant change in the cerebral circulation (Table 6 ). When animals were symptom atic after occlusion of the common carotid artery, the blood flow in the ipsilateral hemisphere de creased moderately and diffusely ( Fig. 3 ; Ta ble 7). The whole cerebral cortex except its most medial portion (cingulate cortex) was affected (p < 0. 05). The blood flows in the ipsilateral and contralateral cingulate cortices in the operated animals (0.70 and 1.07 mIlg/min, respectively) were lower than in the sham-operated animals (1.31 and 1.30 mIlg/min, re spectively). The difference was, however, not sta tistically significant in either cortex. The regional CBF was significantly decreased in the ipsilateral basal ganglia (p < 0. 05), dorsolateral (p < 0. 05) and ventromedial (p < 0. 01) thalamus, hypothalamus (p < 0.05), hippocampus (p < 0. 05), and superior col Iiculus (p < 0.05). The blood flow in the ipsilateral substantia nigra and inferior colliculus was de creased moderately but without statistical signifi cance. Thus, occlusion of the unilateral common carotid artery affected almost the entire hemi sphere. Marked variation of the residual blood flow was, however, demonstrated from one animal to another, as is seen with the high standard devia tions in Ta ble 7. The blood flow in the ipsilateral sensorimotor cortex, for example, ranged from 0.09 to 0.68 ml/g/min. 
DISCUSSION
Occlusion of one of three different arteries pro duced cerebral ischemia with a different distribu tion and magnitude, which were closely related to the vascular anatomy of the gerbil brain. In the gerbil brain, the posterior half of the circle of Willis is not well developed, and the posterior cerebral ar tery received most of the blood supply from the ca rotid system. While many authors have regarded the artery, which stems from the internal carotid ar tery, as the proximal portion of the posterior cere-bral artery (Levine and Payan, 1966; Levine and Sohn, 1969; Kahn, 1972; Harrison et aI. , 1973; Levy and Brierley, 1974; Berry et aI. , 1975; Mat suyama et aI. , 1983) and have thought that the pos terior communicating artery is not present in this animal, we feel it more reasonable to follow the no menclature used in other mammals including human (Truex and Carpenter, 1973) and rat (Moffat, 1961a) and call the portion between the internal ca rotid and the posterior cerebral artery the posterior communicating artery. According to our anatomical definition, the posterior cerebral artery in gerbils receives its blood supply from the internal carotid artery via the posterior communicating artery, while the first segment of the posterior cerebral ar tery originating at the distal end of the basilar ar tery is absent or extremely hypoplastic.
Occlusion of the posterior communicating artery produced severe ischemia in the ipsilateral hippo campus, dorsolateral thalamus, and dorsal mesen- cephalon. The distribution of ischemia is compat ible with the findings of histological and immuno histochemical studies (Yoshimine and Yanagihara, 1983; Yoshimine et aI. , 1983) . The posterior cere bral artery in small rodents feeds the caudal and su perior fields of the thalamus after it gives off two major vessels, the longitudinal hippocampal and the transverse collicular arteries (Coyle, 1975) . The former artery feeds the hippocampus and related structures, and the latter supplies blood flow to the dorsal mesencephalon. Thus, the ischemic area produced by occlusion of the posterior communi cating artery corresponded to the territory of the posterior cerebral artery. Reminiscent anastomosis between the posterior cerebral artery and basilar artery has been demonstrated by the intravascular infusion of suspended small particles (Harrison et ai. , 1973) and colored dye (Levy and Brierley, 1974; Yoshimine and Yanagihara, 1983) . However, severe ischemia produced by occlusion of the posterior communicating artery suggests that the contribu tion of this arterial, or arteriolar, anastomosis is limited. The present investigation, in contrast, sug gests the significance of the collateral circulation between the middle cerebral and the posterior cere bral arteries in the caudal portion of the cerebral cortex. This kind of vascular anastomosis has been well described in the rat (Coyle, 1975) . The present study showed that this anastomosis is well func tioning in the gerbil brain; the blood flow in the ip silateral visual cortex was decreased by 36% (not statistically significant) after occlusion of the poste rior communicating artery and by 48% (p < 0. 01) after occlusion of the middle cerebral artery.
The effect of surgical procedures other than the arterial occlusion was examined in sham-operated animals. In these animals, a slight decrease in the blood flow was demonstrated in the ipsilateral piri form cortex, lateral caudate-putamen, and hypo thalamus. These alterations may be attributable to the untoward effect on the carotid artery and its perforating branches produced when the internal carotid artery -posterior communicating artery junction was exposed. Interruption of the pepti dergic fibers in the resected trigeminal nerve may have also affected the cerebral circulation (Ed vinsson, 1985) . The reduction of the regional blood flow was, however, mild. Histologic damage was not demonstrated in sham-operated animals (Yoshi mine and Yanagihara, 1983) .
Occlusion of the middle cerebral artery produced severe ischemia ipsilaterally in a wide area of the cerebral cortex and the lateral portion of the cau date-putamen. In the neocortex, the central part (sensorimotor and parietal cortices) was most se verely affected. The involvement of the rostral part (frontal cortex) was also severe, but the caudal part (visual cortex) was only moderately affected, pre sumably because of the collateral blood supply from the posterior cerebral artery as described above. The medial part of the cerebral cortex (cingulate cortex), which is supplied mainly by the anterior cerebral artery (Berry et at., 1975; Horizoe et aI. , 198 1) , was spared. The distribution of these isch emic areas is consistent with the immunohisto chemical observation with antiserum to tubulin (Yoshimine et aI. , 1<)83). In the rat brain, anasto mosis between the anterior cerebral and the middle cerebral arteries is well developed (Moffat, 196 1b; Coyle, 1975) , and the cingulate gyrus is also af fected by the occlusion of the middle cerebral ar tery (Tamura et aI. , 198Ib) . This anastomosis may be less well developed in the gerbil brain, which re sults in preservation of the cingulate cortex. Isch emia is severe in the lateral part of the caudate-pu tamen but only moderate in the medial part. Similar heterogeneity in blood flow alterations within the caudate-putamen has been observed after occlu- sion of the middle cerebral artery in the rat (Tamura et aI. , 198 1 h; Kataoka et aI. , 1983) . In small ro dents, the caudate-putamen is supplied mostly by the small perforating arteries stemming from the proximal middle cerebral artery, and the medial portion of the caudate head is also supplied by the ventral olfactory artery, which is a branch of the azygos anterior cerebral artery (Coyle, 1975) . The level of occlusion of the middle cerebral artery and the blood supply from the anterior cerebral artery would explain the inhomogeneous involvement of the caudate-putamen. In sham-operated animals, a mild decrease of blood flow was observed in the territory of the middle cerebral artery. This would be attributable to the unintended circulatory distur bance in the exposed middle cerebral artery. Re duction of the blood flow in the piriform cortex under the craniectomy site was observed both in operated and in sham-operated animals. The direct surgical insult was most likely responsible. The re gional blood flow was, however, preserved above 0. 70 mllg/min in the cerebral cortex, and histologic changes were not demonstrated in sham-operated animals (Yoshimine and Yanagihara, 1983) . In gen eral, the ischemia produced by occlusion of the middle cerebral artery in gerbils was more severe than in rats (Tamura et a!. , 198 1h; Kataoka et a!. , 1983) . Alterations in the CBF after occlusion of a common carotid artery have been measured in sev eral previous studies by the hydrogen clearance method (Nakai et a!. , 1977; Crockard et a!. , 1980) , by determining the radioactivity of dissected tissue (Ohno et a!. , 1984) , and by quantitative autoradiog raphy (Mies et a!. , 1984) . Detailed topographic data, however, were not obtained in those studies. The present investigation demonstrated that occlusion of the common carotid artery produced hemi spheric ischemia of various degrees involving wide areas of the ipsilateral cerebral cortex, thalamus, and basal ganglia. The globus pallid us and hypo thalamus were affected more severely after occlu sion of the carotid artery than after occlusion of the posterior communicating or middle cerebral artery. Severe involvement of these structures after ca rotid occlusion, but not after occlusion of the intra cranial arteries, can be explained by the origin of the perforating arteries to those structures in the distal internal carotid and proximal middle cerebral arteries. Although the decrease in the blood flow of the ipsilateral and contralateral cingulate cortices was only mild (not statistically significant), the mode of involvement is interesting and will deserve special attention. The cingulate cortex is fed by the pericallosal artery, which stems from a single azygos anterior cerebral artery (Kahn, 1972) . Since the latter artery is formed by fusion of both anterior cerebral arteries, at least a part of the blood flow to the cingulate cortex can be supplied from both ca rotid systems. However, several types of anatom ical variations exist in this region, which is likely FIG. 3. [14C]lodoantipyrine autoradiograms of coronal sections of a gerbil brain obtained 30 min after occlusion of the unilateral common carotid artery in the neck. Reduction in the regional CBF is marked in the ipsilateral cerebral hemisphere and mesen cephalon in this particular case. Significant animal-to-animal variations in the degree of ischemia are observed after occlusion of this artery. responsible for the unpredictable difference among individual gerbils in the susceptibility to unilateral carotid occlusion and in the distribution of infarc tion (Harrison et aI. , 1973; Berry et aI. , 1975; Hor izoe et aI. , 198 1) . Significant animal-to-animal vari ations in the degree of ischemia were observed in the present study.
The present investigation demonstrated that the selective intracranial occlusion of the posterior communicating or the middle cerebral artery pro-duced regional ischemia in the territory of the oc cluded artery, and the distributions were distinct from one other. Considering that the brain com prises a complex organization of heterogeneous structures with a number of anatomical and func tional interconnections, these models would be suitable for the comparative study of primary isch emic lesions in different forebrain structures and secondary effects on the surrounding as well as re mote structures of the brain. 
